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The current- voltage characteristics of Au/InO^/Pb tunnel junctions exhibit peculiar zero-bias 
anomalies. At low temperatures the zero-bias resistance attains values that are smaller than the 
normal state resistance by a factor that often exceeds 2. The width of this anomaly increases with 
the thickness of the lnO x layer. The possibility that these features arise from the nature of the 
barrier being an Anderson insulator is discussed. 

PACS numbers:73.40.GK 72.80.Ng 74.80.F 



Charge transport through the interface between a nor- 
mal metal (N) and a superconductor (S) is controlled 
by two processes: Single-particle (Giaever) tunneling, 
and two-particle (Andreev) tunneling JjJ. Giaever tun- 
neling is the dominant mechanism when the transmis- 
sion coefficient of the NS interface is small and results 
in current- voltage characteristics such that /Rq<^1. 
Andreev tunneling becomes important when the inter- 
face is "transparent" and in the limiting case of a "per- 
fect" interface may lead to R^ /Rq=2. Rjf and R^ are 
the interface resistance at zero voltage in the supercon- 
ductor and in the normal state respectively. Both types 
of processes have a characteristic voltage scale of A, the 
superconducting energy gap. In this note we report on 
the small-bias I-V characteristics in NIS devices where 
N is Au, I is amorphous indium-oxide, and S is lead. 
The characteristics of these devices exhibit systematic 
features that cannot be accounted for by current mod- 
els of Andreev processes in NS contacts. We discuss the 
possibility that these anomalies are peculiar to tunneling 
through localized states of which the barrier (which is an 
Anderson insulator) is composed. 

The Au/InO^/Pb samples were prepared by deposit- 
ing a gold strip, either 30 /im or 100 /im wide and 400-500 
A thick onto room-temperature glass-slide. Then, a layer 
of InOa; (thickness L ranging from 90 to 600 A) was e- 
beam evaporated on top of the Au electrode. Finally a 
cross strip of Pb 30 /im or 70 ^m wide and 2000-2500 
A thick completed a standard 4-terminal device. Fuller 
details of sample preparation, their structural study, and 
measurements techniques are reported elsewhere |||| . 

Figure 1 shows the I-V characteristics of a typical NIS 
sample measured by dc. These are compared with the 
I-V curve expected for an "ideal" junction namely, one 
having a unity Andreev coefficient. In the latter case 
(dI/dV) s = 2(dI/dV) A r for V < A and (dI/dV)<? = 
(dI/dV)jv for V > A. For V > A (I-V)<? is charac- 
terized by a constant "excess-current" Ig — I?v IpJ. S 



and N subscripts are used here to designate measur- 
ables in the superconducting and normal state respec- 
tively. By comparison, the experimental (I-V)s curve 
shows (dI/dV)s 2.3(dI/dV)Ar for V=±0.25 mV and 
has smaller excess-current at higher bias than the "ideal" . 
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FIG. 1. I-V characteristics of a typical Au/InOz/Pb sam- 
ple with L=180 A at the superconducting state (full line), and 
normal state induced by H=0.5 T (dotted line). Data shown 
were taken at T=4.11 K. The dashed line curve depicts the 
I-V for "ideal" Andreev tunneling (see text). The inset shows 
the dynamic resistance of this sample and the definition of S. 



The ratio, R^/R^ increases sharply just below the 
transition temperature Tc of the Pb electrode, and it 
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saturates at low temperatures as illustrated in figure 2. 
Rf and Rj^ were taken from the respective dV/dl plots 
at zero-bias, always making sure that the excitation cur- 
rent is small enough. The (dV/dI)jv plots in the range ± 
20 mV showed only weak structure (few percents in mag- 
nitude) that was L dependent. For L<180 A (L> 250 A) 
a shallow dip (peak) centered at zero-bias was observed. 
In the intermediate regime (i.e., 180 A < L < 250 A), 
two shallow dips symmetrical with respect to V=0 were 
often observed with slightly different depths. This non- 
trivial behavior resembles that expected of resonant tun- 
neling through two-level systems discussed by Galperin 
jl| and by Zawadowski [|| , and could be a relevant for 
the anomalies we observe. 
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FIG. 2. Temperature dependence of the resistance ratio 
Ro' /Rg for representative NIS samples. 

The samples studied in this paper had R^ in the range 
0.8-5 f2 at 4K. Between room temperature and 100 K 
Kq increased by up to one order of magnitude, depend- 
ing on L, and below 10-20 K R^ was temperature in- 
dependent in all cases. This behavior is consistent with 
transport through a thin Anderson insulator (i.e., the 
indium-oxide layer) §. For T< 7.2 K, the T c of Pb, R^ 
was obtained by applying a magnetic field H parallel to 
the sample plane to quench superconductivity (typically, 
0.15 T). At higher fields, up to 3 T, R^ was essentially 
unaffected by H. Within our experimental error this R^ 
was identical with the zero-bias R measured just above 
Tc • There is therefore no reason to believe that the large 
value of Rj^ /Rq reported here is due to overestimating 
the value of R^. The majority of our samples (more 



than 80 samples altogether) had R^ /Rg values between 
2 and 4. Three samples had R^ /Rg of about 5 and five 
samples had 1 < R^ /Rq < 2. No correlation was found 
between R^ /Rq and Rq or with the thickness of the 
Anderson insulator L. In fact, in a series of 3 samples 
prepared at the same deposition run, and where L was 
200 A, 400 A, and 600 A, R$ /R$ was essentially the 
same for all three. On the other hand, there seems to be 
an intriguing correlation between L and the range of volt- 
ages, 6, over which the anomalous excess conductance is 
observed. It turns out that the smaller L is the narrower 
is this range, a trend that becomes quite apparent for 
samples with L< 200 A. Figure 3 compares the dynamic 
resistance curves vs. bias voltage for a small L sample 
with a larger L sample clearly illustrating this point. A 
convenient measure of 5 is the position of the peak in the 
dV/dl vs. V plot (c./., inset to figure 1). The dependence 
of S on L is shown in figure 4. Although there is a consid- 
erable scatter in the data the overall trend is clear. No 
such correlation could be identified between 5 and R^. 
In particular, samples with identical L but with quite dif- 
ferent junction areas (and therefore different R^ ) exhibit 
similar S. 




FIG. 3. Dynamic resistance (normalized to the value at 2.5 
mV) vs. V for NIS samples with small and large L (measured 
at 4.1 IK). Note the dips at ±A for the L=90 A sample. Inset 
shows the dependence of Rq on H for the L=90 A sample. 

Qualitatively, the zero-bias anomalies we observe have 
the features expected of NS contacts in which Andreev 
processes are dominant |lj] . In particular, the correlation 
of the phenomenon with the appearance of superconduc- 



2 



tivity in the Pb electrode (c.f., figures 2 and 3) is sug- 
gestive of some sort of a proximity-effect. However, we 
are not able to account for the larger-than-two value of 
Rj^ /Rq or for the dependence of 5 on L by any of the cur- 
rent models for NS contacts. While we cannot rule out 
structural imperfections, it is hard to see how they can 
explain the observed anomalies. For example, the I-V 
characteristics are incompatible with proximity-induced 
superconductivity in normal-metal filaments. The resis- 
tance of such a sample may go down below Tc, but not 
by more than a factor of two, and it should gradually 
revert to its normal value (rather than saturate) at low 
temperatures. Also, in N/N'/S samples where N' was 
a semi-continuous normal metal (a system which should 
closely resemble random array of filaments), the depen- 
dence of S on L exhibited just the opposite trend than 
observed here ||. Finally, the fact that Rg goes to Rq 
at the same H at which superconductivity is destroyed in 
the Pb electrode (figure 3) is inconsistent with transport 
through superconducting filaments j^] . 
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FIG. 4. The value of S as function of L for fifty of the stud- 
ied NIS samples (only samples with 0.8 < < 5f2 are 
included) . 

While we cannot see how "technological" defects (that 
may or may not be there) can account for the anomalies 
we see, there is an inherent feature in the samples that 
must be reckoned with: The barriers in our samples are 
Anderson insulators, and that means that they include 
a significant density of localized states. This leads us 
to consider the possible role of the Anderson insulator 
in this problem. Andreev tunneling through such media 



received little theoretical attention to date so one can as- 
sess the relevance of this scenario only in general terms. 
It is established both theoretically jl0| and experimen- 
tally |ll|] that coherent quantum mechanical effects can 
be observed in Anderson insulators. At helium temper- 
atures the phase-coherent length in such systems is typ- 
ically JllJ] few hundred A which is comparable with L in 
our junctions, and therefore coherent tunneling through 
the medium is feasible. There are several indications 
that suggest that elastic tunneling processes take place 
in our samples. There are several indications that sug- 
gest that tunneling processes take place in our samples. 
In dV/dl plots of Pb/InO x /Pb devices with L< 200 A 
we observed || a dip at V=±2A and prominent modu- 
lations at V=±4.5 mV and ±8.5 mV, the phonon ener- 
gies of lead fL2fl . These two features are clear evidence 
for Giaever tunneling. In the NIS devices this tunneling 
channel manifests itself as a dip in dV/dl at ±A which 
can be clearly seen in samples with L< 150 A (c.f., fig- 
ure 3). Finally, all our samples, both NIS and SIS, show 
excess current at least up to voltages that are 5 times A 
consistent with Andreev tunneling processes |l|. 

The correlation between S and L may be also related 
to transport through localized states. Note that S cxL is 
consistent with a characteristic electric field Fc at which 
the process responsible for the large R^ /Rf is broken or 
considerably weakened. As mentioned above, this feature 
is not observed in diffusive systems ||. For Anderson 
insulators however, this result is natural because trans- 
port through localized states is very sensitive to elec- 
tric fields [i3fl . A typical field associated with V=S is 
F=250 V/cm (estimated from the straight line in figure 
4). Fields of these magnitudes are sufficient to appre- 
ciably reduce quantum-coherent effects associated with 
"forward-scattered" tunneling paths in Anderson insula- 
tors fli) . Andreev processes are even more sensitive to 
electric fields than single-particle processes because the 
electron and hole acquire different phases upon travers- 
ing it. This may become important in multiple scattering 
situations: As pointed out by van- Wees et al flgl , the 
Andreev coefficient at the NS interface is enhanced by 
disorder due to a constructive interference between the 
electron and hole. This enhancement effect persists up 
to a critical voltage Vc given byh/er v (t v is the phase- 
breaking time of the disordered region at which the parti- 
cle is "trapped" near the interface). For NS contacts this 
should lead to a zero-bias anomaly with voltage-width 
that decreases with L. 

The situation in the NIS case, however, is different 
than that of the NS system in an essential way. To see 
that, consider a semi- infinite S and N layers separated 
by a layer of an Anderson insulator I of extent L along 
the Z-axis such that the SI interface is at Z=0 and the 
NI interface at Z=L. The electronic states in I are local- 
ized on scale £ much smaller than L. This introduces a 
natural hierarchy in the problem. States with Z<0 are 
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strongly coupled to S because on such scales there is no 
distinction between an Anderson insulator and a (dirty) 
normal metal. The conditions for the van-Wees et al 
mechanism are obeyed for this thin layer and therefore 
pairing-amplitude will be induced in it |l6| ] . On the other 
hand, the states in N (that are responsible for the mea- 
sured tunneling transport) have an exponentially small 
coupling to the superconductor because L^> £. But this 
exponential coupling also makes the N-»S tunneling sen- 
sitive to modifications in the nature of the intermediate 
states in I, including those in < Z < £. Now, the mod- 
ification in the interface layer (and its effect on the I-V 
characteristics) is cut-off when the voltage drop across 
it exceeds Vc- In other words we associate 6 with the 
voltage across L that imposes a field = Vc£- This 
immediately leads to the dependence S ocL. To check on 
the plausibility of this approach note that using £=10 A 
as a typical value for the localization length in our sam- 
ples §, and F c =250 V/cm gives T v =h/(eF c «2-10~ n 
seconds which is a reasonable value for the inelastic time 
at these temperatures and fields |l7| . 

Following van- Wees et al p5[ , it may be argued that 
applying a magnetic field should destroy the interference 
and thus weaken the zero-bias anomaly. But, the small- 
ness of £ makes this field larger than that necessary to 
quench superconductivity in the Pb electrode. An ac field 
of frequency comparable to t^ 1 may be a more effective 
de-phasing agent in this case. We have indeed observed 
a dramatic reduction of (Rq) -1 in samples exposed to a 
20 GHz microwave source. This reduction in the zero- 
bias conductance was much too big to be explained by 
the barely measurable Joule-heating of the sample due 
to the microwave field . Full details of the microwave 
experiments will be given elsewhere ]Ts| . 

This heuristic picture offers then a plausible way to 
understand the origin of the dependence of 5 on L. The 
key question that remains to be answered is whether it 
can also account for the observation of /Rq > 2. This 
must await a detailed theoretical treatment of these is- 
sues. In particular the nature of the proximity-effect in 
Anderson insulators needs to be better understood. We 
hope that the present results will motivate such stud- 
ies. We gratefully acknowledge useful discussions with 
M. Pollak. This research was supported by a grant ad- 
ministered by the Israel Science Foundation. 
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